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Abstract. Various schemes allow femtosecond optical parametric oscillators to produce pulses 
at harmonics of their pump laser repetition frequency, each apparently offering the possibility 
of generating widely-spaced, tunable frequency combs.  Using a 100-MHz Ti:sapphire pump 
laser, we have compared two alternative optical parametric oscillator architectures, both 
leading to 300-MHz pulses but one configured in a cavity three times shorter than the pump 
laser and the other in a cavity one-third longer.  Heterodyne measurements between the pump 
and each of these two systems show that they possess different carrier-envelope offset 
characteristics, with implications on the coherence and stabilization of the resulting combs. 
1.  Introduction 
Synchronously-pumped optical parametric oscillators (OPOs) are used to convert femtosecond or 
picosecond pump pulses to signal and idler pulses of longer wavelengths in a resonant cavity whose 
optical length matches that of the pump laser [1]. The broadband wavelength coverage offered by 
OPOs has made them attractive as a source of laser frequency combs, with applications in precision 
spectroscopy [2,3] and coherent pulse synthesis [4]. Extending these OPO frequency combs to high 
repetitions rates would allow their use in applications where it is important to be able to resolve 
individual comb modes, such as in astronomical spectrograph calibration [5,6]. Strict synchronous 
pumping of an OPO limits its repetition frequency to exactly that of its pump laser, however operating 
the OPO at a harmonic of the pump repetition frequency is possible by employing a cavity whose 
length is an integer [7–9] or integer fraction [10–13] of the pump laser length. Here, we theoretically 
and experimentally compare two alternative routes to obtaining 300-MHz operation from an OPO 
pumped by a 100-MHz femtosecond pump laser, and show important practical differences in their 
frequency-comb characteristics, which have so far remained unexplored. 
2.  Harmonic operation of synchronously-pumped optical parametric oscillators 
For a fundamentally modelocked pump laser of round-trip optical length LPUMP, harmonic operation of 
a signal-resonant synchronously-pumped OPO is achieved when the OPO cavity length is 
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   (1) 
where n and Q are positive integers and n/Q is an irreducible fraction [12]. Configured in this way, the 
OPO produces signal pulses at a repetition frequency Q times higher than that of the pump laser (fREP), 
and fundamental synchronous pumping is obtained when n = Q = 1. As illustrated in Figure 1, two 
categories of harmonic operation (Q > 1) can be identified, depending on the choice of n. 
 
 
Figure 1.  Schematic depiction of harmonic operation of a synchronously-pumped 
OPO, configured as a standing-wave cavity. (a) an OPO (blue) 1/Q times the pump 
cavity length (green); (b) an OPO (orange) n/Q times the pump cavity length 
(green). For clarity, the OPO gain medium is not shown. 
2.1.  Simple harmonic pumping 
When n = 1, the OPO cavity is shorter than the pump cavity and a single pulse is resonant, 
experiencing gain when it coincides with a pump pulse every Q round-trips of the OPO cavity, as 
depicted in Figure 1a. Operation in this regime presents design challenges in obtaining good mode-
matching at the small spot sizes needed to achieve the necessary intensities for parametric oscillation, 
in turn requiring the use of very small radius-of-curvature intracavity optics. 
2.2.  Vernier harmonic pumping 
The case of n > 1 (Figure 1b) corresponds to n independent, equidistant pulses resonating in the OPO 
cavity, with each pulse interacting with a pump pulse every Q round trips, outputting an interleaved 
pulse train with a repetition frequency QfREP. If Q > n the OPO is shorter than the pump cavity, but if 
Q < n the OPO is longer. As demonstrated by Kokabee et al  [14], designs where both Q and n are 
large allow high harmonic repetition frequencies to be obtained from a cavity which is sufficiently 
long to permit optimum pump-signal mode-matching and the insertion of dispersion-compensating 
optics.  
3.  Frequency-comb structure of harmonically-pumped optical parametric oscillators 
It is well established that the Fourier transform of a regularly spaced train of pulses produced by a 
modelocked laser corresponds to a comb of equally spaced frequencies, separated by their repetition 
frequency [15]. The same is true for a strictly synchronously pumped OPO, which produces distinct 
pump, signal and idler frequency combs which all share the spacing of the pump repetition frequency 
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(Figure 2a). The frequency comb structure of both short and extended cavity OPOs producing pulse 
trains at harmonics of the pump repetition frequency QfREP will be examined theoretically. 
In the case of simple harmonic pumping (n = 1 and Q > 1) there is a single circulating pulse in the 
OPO that experiences gain after every Q round trips (Figure 2b), with ring-down losses writing 
sidebands at ± fREP onto comb lines spaced at QfREP.  When n > 1 and Q > 1 there are n circulating 
pulses that each experience gain after every Q round trips; such a configuration can be considered as n 
OPOs operating in a single cavity (Figure 2c). Each distinct OPO comb has the same CEO frequency, 
which is determined by the OPO cavity dispersion. As with the simple harmonic case, sidebands are 
written onto the comb lines due to ring-down losses. Here, instability in the sideband structure is 
expected as the phases of the circulating pulses are unrelated; the initial phase of each pulse is random, 
determined as each signal pulse train builds up from quantum noise. 
 
 
Figure 2. OPO frequency comb structure. (a) strictly synchronous pumping; (b) 
simple harmonic pumping; (c) Vernier harmonic pumping. 
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4.  Experiment 
We experimentally tested the description presented above by using the configuration illustrated in 
Figure 3. A 100-MHz Ti:sapphire laser (Griffin-I, KM Labs) was used to pump two PPKTP OPOs 
with both operated at 300 MHz, one in a cavity three times shorter than the pump laser (n = 1 and 
Q = 3) and the other in a cavity four-thirds longer (n = 4 and Q = 3). Practical measurement of the 
OPO comb CEO frequency normally proceeds by heterodyning a portion of the pump supercontinuum 
with common wavelengths in the OPO sum-frequency or second-harmonic outputs  [16–18]. In our 
measurement, second-harmonic (SHG) light from the OPO was interfered with a pump 
supercontinuum generated in a 20-cm length of photonic crystal fiber (PCF; NKT Photonics, NL-2.0-
750), producing a heterodyne beat observable on an avalanche photodiode (APD; Hamamatsu, C5331-
11). Fast-photodiode measurements of the second-harmonic signal output were monitored to confirm 
the OPO repetition frequency was 300 MHz. 
 
 
Figure 3 Experimental schematic. APD, avalanche photodiode; IF, interference 
filter; OC, output coupler; PBS, polarizing beam splitter; PCF, photonic crystal 
fiber; POL, polarizer. 
 
Radio-frequency (RF) spectra detected by the APD were recorded from the two OPO cavities and 
are shown in Figure 4a,c. Pairs of sidebands encoding the difference between the pump and OPO CEO 
frequencies were observed centered around multiples of fREP/n. For the short OPO cavity (n = 1 and 
Q = 3) sidebands were observed at multiples of 100 MHz (fREP/1). In the extended OPO cavity (n = 4 
and Q = 3) sidebands were observed at multiples of 25 MHz (fREP/4). The dense RF spectrum produced 
when n > 1 presents greater practical challenges in isolating the beat frequency required for CEO 
locking than are encountered when n = 1. RF spectra of fast-photodiode measurements of the second-
harmonic signal output appear in Figure 4b,d, showing that in the time domain the intensity of the 
fields produced by the two OPOs is equivalent. 
The experimentally observed RF spectra can be explained as follows. The heterodyne signal 
between the pump super-continuum and the second-harmonic of the OPO comb contains frequencies 
described by the general equation 
 
    2 2p s sREP CEO CEP CEONf f Mf f   (2) 
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where N and M are integers; 1/REPf T  is the repetition frequency of the pump pulses and 
p
CEOf  is 
their CEO frequency; and 2 /sREPf Q nT  is the repetition frequency of the OPO signal second-
harmonic pulses (equal to that of the fundamental signal pulses) and 2 sCEOf  is their CEO frequency. 
Equation (2) can therefore be rewritten and its terms separated into those associated with the CEO and 
repetition frequencies: 
 
  2p sREP CEO CEO
nN Q f f f
n




For the experimental value of fREP = 100 MHz, (3) predicts that the heterodyne signal when n = 4 
and Q = 3 should contain pairs of frequencies 2sCEO CEOf f  centered around integer multiples of 
25 MHz, as observed experimentally. By comparison, when n = 1 and Q = 3, pairs of CEO frequencies 
are predicted at multiples of 100 MHz, again as observed experimentally. 
 
 
Figure 4 RF spectra from differently constructed 300-MHz harmonic OPOs. 
a, b, beat frequency and fast photodiode measurements for n = 1 and Q = 3. c, d, 
beat frequency and fast photodiode measurements for n = 4 and Q = 3.  Dashed lines 
indicate multiples of 25 MHz. 
5.  Conclusions 
We have investigated the frequency comb structure associated with two different approaches to 
obtaining harmonic OPO operation, presenting a general theoretical description of the comb structure 
produced under harmonic pumping and showing that it predicts the heterodyne frequencies produced 
experimentally when interfering the pump and OPO combs. The dense heterodyne beats produced 
when n > 1 can be expected to present practical problems when implementing CEO locking, therefore 
the method of choice for obtaining a harmonic OPO frequency comb should be simple harmonic 
pumping (n = 1) of an OPO cavity which is Q times shorter than its pump laser.   
Acknowledgements 
This research was carried out under the METROCOMB project, which has received funding from the 
European Community’s Seventh Framework Programme (FP7/2007-2013) under Grant Agreement no. 
605057. 
23rd International Laser Physics Workshop (LPHYS’14) IOP Publishing









1.  D. C. Edelstein, E. S. Wachman, and C. L. Tang, "Broadly tunable high repetition rate 
femtosecond optical parametric oscillator," Appl. Phys. Lett. 54, 1728–30 (1989). 
2.  N. Leindecker, A. Marandi, R. L. Byer, and K. L. Vodopyanov, "Broadband degenerate OPO 
for mid-infrared frequency comb generation," Opt. Express 19, 6296–302 (2011). 
3.  Z. Zhang, T. Gardiner, and D. T. Reid, "Mid-infrared dual-comb spectroscopy with an optical 
parametric oscillator," Opt. Lett. 38, 3148–3150 (2013). 
4.  J. Sun, B. J. S. Gale, and D. T. Reid, "Coherent synthesis using carrier-envelope phase-
controlled pulses from a dual-color femtosecond optical parametric oscillator," Opt. Lett. 32, 
1396–8 (2007). 
5.  F. Quinlan, G. Ycas, S. Osterman, and S. A. Diddams, "A 12.5 GHz-spaced optical frequency 
comb spanning >400 nm for near-infrared astronomical spectrograph calibration," Rev. Sci. 
Instrum. 81, 063105 (2010). 
6.  G. G. Ycas, F. Quinlan, S. A. Diddams, S. Osterman, S. Mahadevan, S. Redman, R. Terrien, L. 
Ramsey, C. F. Bender, B. Botzer, and S. Sigurdsson, "Demonstration of on-sky calibration of 
astronomical spectra using a 25 GHz near-IR laser frequency comb," Opt. Express 20, 6631–43 
(2012). 
7.  D. T. Reid, C. McGowan, W. Sleat, M. Ebrahimzadeh, and W. Sibbett, "Compact, efficient 
344-MHz repetition-rate femtosecond optical parametric oscillator," Opt. Lett. 22, 525–7 
(1997). 
8.  B. Ruffing, A. Nebel, and R. Wallenstein, "All-solid-state cw mode-locked picosecond 
KTiOAsO4 (KTA) optical parametric oscillator," Appl. Phys. B Lasers Opt. 67, 537–544 
(1998). 
9.  K. A. Ingold, A. Marandi, C. W. Rudy, K. L. Vodopyanov, and R. L. Byer, "Fractional-length 
sync-pumped degenerate optical parametric oscillator for 500-MHz 3-μm mid-infrared 
frequency comb generation," Opt. Lett. 39, 900–903 (2014). 
10.  J. Jiang and T. Hasama, "Harmonic repetition-rate femtosecond optical parametric oscillator," 
Appl. Phys. B Lasers Opt. 74, 313–317 (2002). 
11.  J. Jiang and T. Hasama, "Synchronously pumped femtosecond optical parametric oscillator 
based on an improved pumping concept," Opt. Commun. 220, 193–202 (2003). 
12.  A. Esteban-Martin, O. Kokabee, K. Moutzouris, and M. Ebrahim-Zadeh, "High-harmonic-
repetition-rate 1 GHz femtosecond optical parametric oscillator pumped by a 76 MHz 
Ti:sapphire laser," Opt. Lett. 34, 428–430 (2009). 
13.  O. Kimmelma, S. Chaitanya Kumar, A. Esteban-Martin, and M. Ebrahim-Zadeh, "Multi-
gigahertz picosecond optical parametric oscillator pumped by 80-MHz Yb-fiber laser," Opt. 
Lett. 38, 4550 (2013). 
14.  O. Kokabee, A. Esteban-Martin, and M. Ebrahim-Zadeh, "Extended-cavity, tunable, GHz-
repetition-rate femtosecond optical parametric oscillator pumped at 76 MHz," Opt. Express 17, 
15635–15640 (2009). 
15.  S. T. Cundiff, "Phase stabilization of ultrashort optical pulses," J. Phys. D. Appl. Phys. 35, 
R43–R59 (2002). 
16.  Y. Kobayashi and K. Torizuka, "Measurement of the optical phase relation among 
subharmonic pulses in a femtosecond optical parametric oscillator," Opt. Lett. 25, 856–8 
(2000). 
17.  J. Sun, B. J. S. Gale, and D. T. Reid, "Dual-color operation of a femtosecond optical parametric 
oscillator exhibiting stable relative carrier-envelope phase-slip frequencies," Opt. Lett. 31, 
2021–3 (2006). 
18.  T. I. Ferreiro, J. Sun, and D. T. Reid, "Locking the carrier-envelope-offset frequency of an 
optical parametric oscillator without f-2f self-referencing," Opt. Lett. 35, 1668–70 (2010).  
 
 
23rd International Laser Physics Workshop (LPHYS’14) IOP Publishing
Journal of Physics: Conference Series 594 (2015) 012004 doi:10.1088/1742-6596/594/1/012004
6
